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The current study focuses on 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)amide, [bmim][NTf2], and 1-hexyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)amide, [hmim][NTf2]. The objective is to study the influence of pressure as well as
that of the cations alkyl chain length on several properties of this type of ionic liquids. Speed of propagation of ultrasound waves
and densities in pure ionic liquids (ILs) as a function of temperature and pressure have been determined. Several other thermody-
namic properties such as compressibilities, expansivities and heat capacities have been obtained. Speed of sound measurements have
been carried out in broad ranges of temperature (283 < T/K < 323) and pressure (0.1 < p/MPa < 150), using a non-intrusive micro-
cell. Density measurements have been performed at broad ranges of temperature (298 < T/K < 333) and pressure (0.1 < p/MPa < 60)
using a vibrating tube densimeter. The pressure dependence of heat capacities, which is generally mild, is highly dependent on the
curvature of the temperature dependence of density.
 2005 Elsevier Ltd. All rights reserved.
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Due to their combined low viscosity, broad tempera-
ture range of liquid stability, and absence of halogen
atoms in potentially chemically reactive forms, the
1-alkyl-3-methyl imidazolium bis(trifluoromethylsulfo-
nyl)amide, [Cnmin][NTf2], class of ionic liquids (ILs) is
one of the most promising to become important in
diverse applications.0021-9614/$ - see front matter  2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jct.2005.04.018
q This paper was comissioned as part of the special issue, IONIC
LIQUIDS, published in issue 37/6 of the journal.
* Corresponding author. Tel.: +351 21 4469 441; fax: +351 21 4411
277.
E-mail address: luis.rebelo@itqb.unl.pt (L.P.N. Rebelo).The increasing attention given to ionic liquids as
possible replacement solvents for volatile organic
compounds is driving their research towards the develop-
ment of a sustainable green chemistry, guiding efforts in
this field in the direction of new, harmless substances.
Unfortunately, the thermophysical characterization of
benign ILs is by no means extensive. Examples of very re-
cent reviews and systematic studies can be found, for in-
stance, in references [1–4] and references therein. They
show that some studies are still directed to compounds
such as [Cnmin][PF6] or [Cnmin][BF4], that, despite their
historical and fundamental importance, are known to
easily produce HF and other aggressive chemicals at
moderate and high temperatures. We have thus chosen
to embark on the study of thermophysical and thermo-
dynamic properties of a possibly cleaner alternative,
TABLE 1
Experimental speed of sound, u, data for [bmim][NTf2] as a function of
temperature, T, and pressure, p
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methylimidazolium combined with the anion bis(triflu-
oro methylsulfonyl)amide, [N{SO2(CF3)}2]
.
The speed of sound, u, is a property that can be exper-
imentally determined with great precision over a broad
range of temperature and pressure. Since u can be related
to the first pressure partial derivative of density, accurate
sound-speed data can be used to enhance the develop-
ment of equations of state. Furthermore, it is a very useful
source of information for computing values of other ther-
modynamic properties which are difficult to obtain at ex-
treme experimental conditions, such as calorimetric data
at high pressures. One possible method for deriving a
wealth of thermodynamic properties consists in the mea-
surement of the whole (p,q,T) and (p,u,T) surfaces in or-
der to obtain by differentiation the derived properties of
the investigated compound. This method has proven use-
ful, for instance, in the calculation of derived properties of
protonated and deuterated acetone [5,6]. Nonetheless,
commonly accepted as a more reliable method for deriv-
ing thermodynamic properties from speed of sound data
is that which allows, by integration, the calculation of
(p,q,T) and (pCp,T) surfaces from merely one isobar
of both density and isobaric heat capacity [7–10]. This
method allows one to calculate other thermophysical
properties such as isentropic (jS) and isothermal (jT)
compressibilities, isobaric thermal expansivities (ap), iso-
baric (Cp) and isochoric (Cv) heat capacities and thermal
pressure coefficients (cv) over the entire range of pressures









2.1. Acoustic cell and densimeter
Measurements of the speed of sound were performed













FIGURE 1. Isotherms of the experimental speed of sound of
[bmim][NTf2]. r, 283.15 K; j, 293.15 K; m, 303.15 K; }, 313.15 K;
h, 323.15 K.range 0.1 < p/MPa < 150. The speed of propagation of
sound waves in liquids was determined using a novel
micro-cell (internal volume 0.8 Æ 106 m3) and a non-
intrusive method at an operational frequency of 0.5
MHz. We used the same experimental set-up as previ-
ously described in great detail elsewhere [5]. Pressure is
measured using an Omega pressure transducer, which
was calibrated against a high-accuracy Heise gauge.
Pressure precision and accuracy are better than
±0.05%. The acoustic cell is placed in a Hart Scientific



















890 R. Gomes de Azevedo et al. / J. Chem. Thermodynamics 37 (2005) 888–899is measured by a 4-wire platinum resistance thermome-
ter (PRT) coupled to a Keithley digital multimeter
(Model DMM 199). The PRT was previously calibrated,
thus allowing temperature measurements on the ITS-90
scale with an estimated uncertainty better than ±0.01 K.
Typically, the accuracy and precision of the sound-speed
measurements are ±0.2% and ±0.05%, respectively.
Likewise, densities were measured using an Anton Paar
DMA 512P densimeter [5] in the temperature range (298
to 333) K and pressure range (0.1 to 60) MPa. The den-
sity overall uncertainty is estimated to be better than
0.02%.TABLE 2
Coefficients of equation (1) for T/K, p/MPa, and u/(m Æ s1), within the
interval (283 < T/K < 323; 0.1 < p/MPa < 150)
aij j
i 0 1 2
0 1.66933 Æ 103 8.76289 9.53079 Æ 103
1 4.57105 Æ 101 2.07932 Æ 102 7.23757 Æ 105
2 5.41339 Æ 102 3.52903 Æ 104 5.75361 Æ 107
bkl l
k 0 1 2
0 1.00000 4.58017 Æ 103 3.23167 Æ 106
1 3.10366 Æ 103 2.94127 Æ 105 6.75836 Æ 108
2 2.59978 Æ 105 1.65030 Æ 107 2.59119 Æ 1010
TABLE 3
Experimental density, q/(kg Æ m3), data for [bmim][NTf2] as a function of t
p/MPa T/K
298.15 303.14 308.09
0.10 1437.04 1432.49 1427.92
5.00 1440.78 1436.13 1431.50
7.46 1442.64 1437.93 1433.28
9.92 1444.45 1439.73 1435.07
12.38 1446.22 1441.51 1436.81
14.84 1447.99 1443.23 1438.55
17.30 1449.71 1444.96 1440.27
19.76 1451.41 1446.65 1441.96
22.21 1453.09 1448.37 1443.64
24.67 1454.75 1449.99 1445.32
27.13 1456.40 1451.64 1446.94
29.59 1458.04 1453.25 1448.61
32.05 1459.61 1454.87 1450.21
34.51 1461.19 1456.47 1451.80
36.97 1462.78 1458.05 1453.43
39.43 1464.31 1459.60 1454.99
41.88 1465.81 1461.17 1456.59
44.34 1467.33 1462.67 1458.14
46.80 1468.80 1464.20 1459.69
49.26 1470.28 1465.69 1461.21
51.72 1471.69 1467.16 1462.74
54.18 1473.13 1468.67 1464.26
56.64 1474.55 1470.14 1465.80
59.10 1475.94 1471.59 1467.282.2. Chemicals
[bmim][NTf2] and [hmim][NTf2] were synthesized and
purified at the QUILL Centre, Belfast, according to pro-
cedures found elsewhere [11]. They were washed several
times with water to decrease the chloride content. It was
checked that no precipitation (of AgCl) would occur by
addition of AgNO3 to the wash water. In order to
reduce the water content and volatile compounds to
negligible values, vacuum (0.1 Pa) and moderate tem-
perature (70 C) were applied to the [bmim][NTf2]













FIGURE 2. Isotherms of the experimental density of [bmim][NTf2].
r, 298.15 K; j, 303.14 K; m, 308.09 K; }, 313.15 K; h, 318.14 K; n,
323.14 K; +, 328.20 K.
emperature, T, and pressure, p
313.15 318.14 323.14 328.20
1422.99 1418.06 1413.69 1408.32
1426.56 1421.63 1417.31 1412.04
1428.40 1423.41 1419.14 1413.97
1430.14 1425.23 1420.97 1415.75
1431.97 1427.00 1422.80 1417.61
1433.70 1428.76 1424.57 1419.44
1435.41 1430.50 1426.35 1421.25
1437.10 1432.21 1428.11 1423.05
1438.80 1433.93 1429.82 1424.84
1440.50 1435.62 1431.56 1426.58
1442.16 1437.31 1433.26 1428.34
1443.80 1439.01 1434.96 1430.04
1445.44 1440.66 1436.63 1431.76
1447.05 1442.31 1438.32 1433.46
1448.67 1443.93 1439.98 1435.15
1450.26 1445.59 1441.63 1436.83
1451.88 1447.20 1443.28 1438.52
1453.41 1448.84 1444.91 1440.15
1455.01 1450.43 1446.54 1441.79
1456.51 1452.03 1448.18 1443.46
1458.07 1453.64 1449.79 1445.11
1459.64 1455.23 1451.40 1446.72
1461.15 1456.83 1453.01 1448.35
1462.71 1458.39 1454.62 1449.96
TABLE 4
Coefficients of second order polynomial fits, Y = A + B Æ
(T/K) + C Æ (T/K)2 to atmospheric isobars of Y = q or Y = Cp
q/(kg Æm3) Cp/(J ÆK
1 Æ kg1)
A 1.59720 Æ 103 2.39992 Æ 103
B 1.59362 Æ 101 7.68270













FIGURE 3. Isotherms for the isentropic compressibility of
[bmim][NTf2]. j, 298.15 K; m, 303.15 K; r, 308.15 K; h, 313.15 K;













FIGURE 4. Isotherms for the isothermal compressibility of
[bmim][NTf2]. j, 298.15 K; m, 303.15 K; r, 308.15 K; h, 313.15 K;














FIGURE 5. Isotherms for the isobaric expansivity of [bmim][NTf2].













FIGURE 6. Isotherms for the thermal pressure coefficient of
[bmim][NTf2]. j, 298.15 K; m, 303.15 K; r, 308.15 K; h, 313.15 K;
















R. Gomes de Azevedo et al. / J. Chem. Thermodynamics 37 (2005) 888–899 891immediately prior to their use. The samples were analysed
byKarl–Fischer titration and showed awt%ofwater low-
er than 75 ppm (‘‘Crison’’ Karl–Fischer titration).
0 40 80 120 160
p /MPa
FIGURE 7. Isotherms for the isobaric heat capacity of [bmim][NTf2].
j, 298.15 K; m, 303.15 K; r, 308.15 K; h, 313.15 K; n, 318.15 K; },
323.15 K.3. Results and discussion
3.1. [bmim][NTf2]
Sound-speed measurements have been carried out in
a broad range of temperatures (283 < T/K < 323) and
pressures (0.1 < p/MPa < 150). Figure 1 and table 1report the speed of sound behaviour as pressure and
temperature change for [bmim][NTf2]. For the sake of
economy, data are presented at nominal temperatures
892 R. Gomes de Azevedo et al. / J. Chem. Thermodynamics 37 (2005) 888–899which, typically, differ from the actual ones by no more
than 0.01 K.
Original data have been fitted to a Pade 3 · 3 equa-

















FIGURE 8. Isotherms for the isochoric heat capacity of
[bmim][NTf2]. j, 298.15 K; m, 303.15 K; r, 308.15 K; h, 313.15 K;
n, 318.15 K; }, 323.15 K.
TABLE 5
Calculated values of jS/(GPa
1) for [bmim][NTf2]
p/MPa T/K
298.15 303.15 308.15 313.15 318.15 323.15
0.1 0.4617 0.4718 0.4820 0.4926 0.5035 0.5148
0.5 0.4606 0.4706 0.4808 0.4913 0.5021 0.5134
1 0.4592 0.4691 0.4792 0.4897 0.5005 0.5116
3 0.4537 0.4633 0.4732 0.4834 0.4939 0.5048
5 0.4483 0.4577 0.4674 0.4773 0.4875 0.4981
10 0.4355 0.4445 0.4536 0.4629 0.4725 0.4824
15 0.4236 0.4321 0.4407 0.4495 0.4586 0.4679
20 0.4125 0.4206 0.4288 0.4371 0.4456 0.4544
25 0.4021 0.4098 0.4176 0.4255 0.4336 0.4418
30 0.3923 0.3997 0.4071 0.4146 0.4223 0.4301
35 0.3831 0.3902 0.3972 0.4044 0.4117 0.4192
40 0.3744 0.3812 0.3880 0.3948 0.4018 0.4089
45 0.3662 0.3727 0.3792 0.3858 0.3924 0.3992
50 0.3585 0.3647 0.3710 0.3773 0.3836 0.3900
55 0.3511 0.3571 0.3631 0.3692 0.3753 0.3814
60 0.3441 0.3499 0.3557 0.3615 0.3673 0.3732
65 0.3374 0.3430 0.3486 0.3542 0.3598 0.3655
70 0.3310 0.3365 0.3419 0.3473 0.3527 0.3581
75 0.3249 0.3302 0.3355 0.3407 0.3459 0.3511
80 0.3191 0.3242 0.3293 0.3344 0.3394 0.3444
85 0.3135 0.3185 0.3234 0.3283 0.3332 0.3380
90 0.3081 0.3130 0.3178 0.3225 0.3272 0.3319
95 0.3029 0.3077 0.3124 0.3170 0.3216 0.3261
100 0.2980 0.3027 0.3072 0.3117 0.3161 0.3205
105 0.2932 0.2978 0.3022 0.3066 0.3108 0.3151
110 0.2886 0.2931 0.2974 0.3016 0.3058 0.3099
115 0.2842 0.2885 0.2928 0.2969 0.3010 0.3050
120 0.2799 0.2842 0.2883 0.2923 0.2963 0.3002
125 0.2757 0.2799 0.2840 0.2879 0.2918 0.2956
130 0.2717 0.2758 0.2798 0.2836 0.2874 0.2911
135 0.2679 0.2719 0.2757 0.2795 0.2832 0.2868
140 0.2641 0.2680 0.2718 0.2755 0.2791 0.2826
145 0.2604 0.2643 0.2680 0.2716 0.2752 0.2786










bkl T=Kð Þk p=MPað Þl
. ð1ÞThe values of the coefficients were calculated by means
of a least-squares analysis of the experimental results
(using the algorithm of Marquardt–Levenberg) and
are given in table 2. The standard deviation between
the experimental and fitted values is found to be
0.05%. This fitting equation was screened for 40 iso-
therms within the experimental temperature range
(283 < T/K < 323), thus in steps of 1 K, and for steps
of 0.1 MPa within the experimental interval of pressure
(0.1 < p/MPa < 150) for a total of 61,500 data points.
No poles for this rational function were found. Also,
neither the temperature nor the pressure derivatives of
u(p,T) as described by equation (1) present any anoma-
lies. Therefore, equation (1) can be safely used for
interpolations.TABLE 6
Calculated values of jT/(GPa
1) for [bmim][NTf2]
p/MPa T/K
298.15 303.15 308.15 313.15 318.15 323.15
0.1 0.5268 0.5403 0.5542 0.5685 0.5833 0.5986
0.5 0.5254 0.5389 0.5527 0.5669 0.5816 0.5969
1 0.5238 0.5371 0.5509 0.5650 0.5796 0.5947
3 0.5171 0.5302 0.5436 0.5574 0.5717 0.5864
5 0.5107 0.5235 0.5366 0.5501 0.5640 0.5783
10 0.4955 0.5076 0.5200 0.5327 0.5458 0.5593
15 0.4814 0.4929 0.5046 0.5166 0.5290 0.5417
20 0.4681 0.4791 0.4902 0.5016 0.5133 0.5254
25 0.4557 0.4662 0.4768 0.4877 0.4988 0.5102
30 0.4441 0.4541 0.4642 0.4746 0.4852 0.4960
35 0.4331 0.4427 0.4524 0.4623 0.4724 0.4827
40 0.4227 0.4320 0.4413 0.4508 0.4604 0.4703
45 0.4129 0.4218 0.4308 0.4399 0.4492 0.4586
50 0.4037 0.4122 0.4209 0.4296 0.4385 0.4476
55 0.3949 0.4032 0.4115 0.4199 0.4285 0.4371
60 0.3865 0.3945 0.4026 0.4107 0.4189 0.4273
65 0.3785 0.3863 0.3941 0.4019 0.4099 0.4179
70 0.3709 0.3784 0.3860 0.3936 0.4013 0.4091
75 0.3636 0.3709 0.3783 0.3857 0.3931 0.4006
80 0.3566 0.3638 0.3709 0.3781 0.3853 0.3925
85 0.3500 0.3569 0.3639 0.3708 0.3778 0.3849
90 0.3435 0.3503 0.3571 0.3639 0.3707 0.3775
95 0.3374 0.3440 0.3506 0.3572 0.3638 0.3705
100 0.3315 0.3380 0.3444 0.3508 0.3572 0.3637
105 0.3258 0.3321 0.3384 0.3447 0.3509 0.3572
110 0.3203 0.3265 0.3326 0.3388 0.3449 0.3510
115 0.3150 0.3210 0.3271 0.3331 0.3390 0.3450
120 0.3098 0.3158 0.3217 0.3276 0.3334 0.3393
125 0.3049 0.3107 0.3165 0.3223 0.3280 0.3337
130 0.3001 0.3058 0.3115 0.3171 0.3227 0.3283
135 0.2954 0.3011 0.3067 0.3122 0.3177 0.3232
140 0.2909 0.2965 0.3020 0.3074 0.3128 0.3181
145 0.2866 0.2920 0.2974 0.3027 0.3080 0.3133
150 0.2823 0.2877 0.2930 0.2982 0.3034 0.3086
R. Gomes de Azevedo et al. / J. Chem. Thermodynamics 37 (2005) 888–899 893Density measurements have been carried out at a
broad range of temperatures (298 < T/K < 328) and
pressures (0.1 < p/MPa < 60). The experimental data
are presented both in figure 2 and table 3.
The use of the speed of sound data to derive other
thermodynamic properties requires the knowledge of
one isobar of both density and heat capacity. There
are already two sets of heat capacity data available
[2,12] and several sets of atmospheric density data
[2,3,13,14]. The choice of the heat capacity isobar for
the thermodynamic properties calculations was based
on the comparison of the experimental data available.
The heat capacity data presented by Fredlake et al. [2]
are higher than those presented by Holbrey et al. [12]
(which may possibly be an indication of higher sample
purity since it is quite uncommon to find typical impuri-
ties that are responsible for the rise of these properties).
The atmospheric isobars of both our current density
data and the literature values of heat capacity [2] were
fitted with a second order polynomial equation up to
328 K. The coefficients of the fittings are shown inTABLE 7
Calculated values of ap/(K
1) Æ 103 for [bmim][NTf2]
p/MPa T/K
298.15 303.15 308.15 313.15 318.15 323.15
0.1 0.6366 0.6475 0.6585 0.6696 0.6808 0.6921
0.5 0.6356 0.6464 0.6574 0.6684 0.6796 0.6909
1 0.6342 0.6451 0.6560 0.6670 0.6781 0.6893
3 0.6291 0.6397 0.6505 0.6613 0.6722 0.6833
5 0.6240 0.6345 0.6451 0.6558 0.6665 0.6774
10 0.6118 0.6219 0.6322 0.6425 0.6529 0.6634
15 0.6002 0.6100 0.6199 0.6299 0.6400 0.6502
20 0.5892 0.5987 0.6083 0.6180 0.6278 0.6377
25 0.5787 0.5880 0.5973 0.6068 0.6163 0.6259
30 0.5686 0.5777 0.5868 0.5960 0.6053 0.6147
35 0.5589 0.5678 0.5768 0.5858 0.5949 0.6041
40 0.5497 0.5584 0.5671 0.5760 0.5849 0.5939
45 0.5407 0.5493 0.5579 0.5666 0.5754 0.5842
50 0.5321 0.5405 0.5490 0.5576 0.5663 0.5750
55 0.5237 0.5321 0.5405 0.5490 0.5575 0.5661
60 0.5157 0.5239 0.5322 0.5406 0.5491 0.5576
65 0.5078 0.5160 0.5243 0.5326 0.5409 0.5494
70 0.5003 0.5084 0.5166 0.5248 0.5331 0.5415
75 0.4929 0.5009 0.5091 0.5173 0.5255 0.5338
80 0.4857 0.4937 0.5018 0.5100 0.5182 0.5265
85 0.4787 0.4867 0.4948 0.5029 0.5111 0.5193
90 0.4718 0.4798 0.4879 0.4960 0.5042 0.5124
95 0.4652 0.4732 0.4812 0.4893 0.4975 0.5057
100 0.4586 0.4666 0.4747 0.4828 0.4909 0.4992
105 0.4523 0.4603 0.4683 0.4764 0.4846 0.4928
110 0.4460 0.4540 0.4621 0.4702 0.4784 0.4866
115 0.4399 0.4479 0.4560 0.4642 0.4724 0.4806
120 0.4339 0.4419 0.4501 0.4582 0.4665 0.4748
125 0.4280 0.4361 0.4442 0.4524 0.4607 0.4690
130 0.4222 0.4303 0.4385 0.4468 0.4551 0.4634
135 0.4165 0.4247 0.4329 0.4412 0.4495 0.4579
140 0.4109 0.4191 0.4274 0.4357 0.4441 0.4525
145 0.4054 0.4137 0.4220 0.4304 0.4388 0.4473
150 0.4000 0.4083 0.4167 0.4251 0.4336 0.4421table 4. The method used to derive other thermody-
namic properties is based on well-established thermo-
dynamic relations. The speed of sound, u, is directly
related to the pressure derivative of the density, q,
through equation (2), in which the subscript S denotes








This derivative is related to the isothermal pressure
derivative and the isobaric temperature derivative of
the density through equation (3), where Cp is the specific
















Rearranging the last equation and combining it with
equation (2) creates equation (4), which also incorpo-
rates the definition of the thermal expansion coefficient,
apTABLE 8
Calculated values of cv/(MPa Æ K
1) for [bmim][NTf2]
p/MPa T/K
298.15 303.15 308.15 313.15 318.15 323.15
0.1 1.208 1.198 1.188 1.178 1.167 1.156
0.5 1.210 1.199 1.189 1.179 1.168 1.157
1 1.211 1.201 1.191 1.180 1.170 1.159
3 1.216 1.206 1.196 1.186 1.176 1.165
5 1.222 1.212 1.202 1.192 1.182 1.171
10 1.235 1.225 1.216 1.206 1.196 1.186
15 1.247 1.238 1.229 1.219 1.210 1.200
20 1.259 1.250 1.241 1.232 1.223 1.214
25 1.270 1.261 1.253 1.244 1.236 1.227
30 1.280 1.272 1.264 1.256 1.248 1.239
35 1.291 1.283 1.275 1.267 1.259 1.251
40 1.300 1.293 1.285 1.278 1.270 1.263
45 1.309 1.302 1.295 1.288 1.281 1.274
50 1.318 1.311 1.304 1.298 1.291 1.285
55 1.326 1.320 1.313 1.307 1.301 1.295
60 1.334 1.328 1.322 1.316 1.311 1.305
65 1.342 1.336 1.330 1.325 1.320 1.314
70 1.349 1.343 1.338 1.333 1.328 1.324
75 1.356 1.350 1.346 1.341 1.337 1.333
80 1.362 1.357 1.353 1.349 1.345 1.341
85 1.368 1.364 1.360 1.356 1.353 1.349
90 1.373 1.370 1.366 1.363 1.360 1.357
95 1.379 1.375 1.372 1.370 1.367 1.365
100 1.384 1.381 1.378 1.376 1.374 1.372
105 1.388 1.386 1.384 1.382 1.381 1.380
110 1.393 1.391 1.389 1.388 1.387 1.386
115 1.397 1.395 1.394 1.394 1.393 1.393
120 1.400 1.399 1.399 1.399 1.399 1.399
125 1.404 1.403 1.403 1.404 1.405 1.405
130 1.407 1.407 1.408 1.409 1.410 1.411
135 1.410 1.410 1.412 1.413 1.415 1.417
140 1.412 1.414 1.415 1.418 1.420 1.422
145 1.415 1.417 1.419 1.422 1.425 1.428
150 1.417 1.419 1.422 1.425 1.429 1.433

















It can also be shown that the pressure partial derivative















Given an isobar of the density and of Cp, it is possible to
integrate equations (4) and (6) over pressure [15] thus
obtaining the (p,q,T) and (p,Cp,T) surfaces within the
range of pressure and temperature of the experimental
speed of sound data. The numerical integration proce-
dure also allows one to calculate other properties, such
as the isentropic compressibility, jS, the isothermal
compressibility, jT, isobaric thermal expansivity, ap theTABLE 9
Calculated values of Cp/(kJ Æ K
1 Æ kg1) for [bmim][NTf2]
p/MPa T/K
298.15 303.15 308.15 313.15 318.15 323.15
0.1 1.293 1.294 1.296 1.299 1.303 1.307
0.5 1.292 1.294 1.296 1.299 1.303 1.307
1 1.292 1.294 1.296 1.299 1.302 1.307
3 1.291 1.293 1.295 1.298 1.301 1.305
5 1.290 1.291 1.294 1.297 1.300 1.304
10 1.287 1.289 1.291 1.294 1.297 1.301
15 1.285 1.286 1.288 1.291 1.294 1.298
20 1.283 1.284 1.286 1.288 1.292 1.296
25 1.280 1.282 1.283 1.286 1.289 1.293
30 1.278 1.279 1.281 1.284 1.287 1.290
35 1.276 1.277 1.279 1.281 1.284 1.288
40 1.274 1.275 1.277 1.279 1.282 1.285
45 1.272 1.273 1.274 1.277 1.280 1.283
50 1.270 1.271 1.272 1.274 1.277 1.281
55 1.268 1.269 1.270 1.272 1.275 1.278
60 1.266 1.267 1.268 1.270 1.273 1.276
65 1.264 1.265 1.266 1.268 1.271 1.274
70 1.262 1.263 1.264 1.266 1.269 1.272
75 1.260 1.261 1.262 1.264 1.266 1.270
80 1.258 1.259 1.260 1.262 1.264 1.267
85 1.257 1.257 1.258 1.260 1.262 1.265
90 1.255 1.255 1.256 1.258 1.260 1.263
95 1.253 1.253 1.254 1.256 1.258 1.261
100 1.251 1.251 1.252 1.254 1.256 1.259
105 1.249 1.250 1.251 1.252 1.254 1.257
110 1.248 1.248 1.249 1.250 1.252 1.255
115 1.246 1.246 1.247 1.248 1.250 1.253
120 1.244 1.244 1.245 1.246 1.248 1.251
125 1.242 1.242 1.243 1.244 1.246 1.249
130 1.240 1.240 1.241 1.242 1.244 1.247
135 1.239 1.239 1.239 1.240 1.242 1.245
140 1.237 1.237 1.237 1.239 1.240 1.243
145 1.235 1.235 1.235 1.237 1.238 1.241
150 1.233 1.233 1.234 1.235 1.236 1.239isochoric heat capacity Cv and the thermal pressure coef-
ficient, cv. The integration was carried out from atmo-
spheric pressure up to 150 MPa. The results obtained
for several thermodynamic properties are presented in
figures 3 to 8 and tables 5 to 10.
The comparison between the density data taken from
the integration procedure and the experimental ones
shows good agreement with a maximum deviation of
about 0.1%, even at pressures as high as 60 MPa. This
deviation is small and can be ascribed to the uncertainty
of the speed of sound measurements since this quantity
is responsible for about 85% of the calculated dq/dp in
the integration process. At atmospheric pressure, our re-
sults are within the density interval estimated based on
the number of significant digits presented for the fitting
parameters given by Tokuda et al. [3], about 0.1% below
those presented by Fredlake et al. [2], 0.07% above the
data point presented by Dzyuba and Bartsch [13], and
0.2% above the data point presented by Canongia Lopes
et al. [14].TABLE 10
Calculated values of Cv/(kJ Æ K
1 Æ kg1) for [bmim][NTf2]
p/MPa T/K
298.15 303.15 308.15 313.15 318.15 323.15
0.1 1.133 1.130 1.128 1.126 1.125 1.124
0.5 1.133 1.130 1.127 1.126 1.125 1.124
1 1.133 1.130 1.127 1.126 1.125 1.124
3 1.132 1.129 1.127 1.125 1.124 1.124
5 1.132 1.129 1.127 1.125 1.124 1.123
10 1.132 1.128 1.126 1.124 1.123 1.122
15 1.131 1.128 1.125 1.123 1.122 1.121
20 1.130 1.127 1.125 1.123 1.121 1.121
25 1.130 1.127 1.124 1.122 1.121 1.120
30 1.129 1.126 1.123 1.121 1.120 1.119
35 1.129 1.126 1.123 1.121 1.119 1.118
40 1.128 1.125 1.122 1.120 1.119 1.118
45 1.128 1.125 1.122 1.120 1.118 1.117
50 1.128 1.124 1.121 1.119 1.117 1.116
55 1.127 1.124 1.121 1.119 1.117 1.115
60 1.127 1.123 1.120 1.118 1.116 1.115
65 1.127 1.123 1.120 1.117 1.116 1.114
70 1.126 1.123 1.120 1.117 1.115 1.113
75 1.126 1.122 1.119 1.116 1.114 1.113
80 1.126 1.122 1.119 1.116 1.114 1.112
85 1.126 1.122 1.118 1.116 1.113 1.111
90 1.125 1.121 1.118 1.115 1.113 1.111
95 1.125 1.121 1.118 1.115 1.112 1.110
100 1.125 1.121 1.117 1.114 1.111 1.109
105 1.125 1.120 1.117 1.114 1.111 1.109
110 1.124 1.120 1.116 1.113 1.110 1.108
115 1.124 1.120 1.116 1.113 1.110 1.107
120 1.124 1.119 1.116 1.112 1.109 1.107
125 1.124 1.119 1.115 1.112 1.109 1.106
130 1.123 1.119 1.115 1.111 1.108 1.105
135 1.123 1.118 1.114 1.111 1.107 1.105
140 1.123 1.118 1.114 1.110 1.107 1.104
145 1.123 1.118 1.113 1.110 1.106 1.103














FIGURE 9. Isotherms of the experimental density of [hmim][NTf2].
––, 298.15 K; ·, 299.15 K; , 300.15 K; - -, 301.15 K; , 302.15 K; ,
303.15 K; +, 308.15 K; }, 313.15 K; h, 318.15 K; n, 323.15 K; s,
325.15 K; r, 327.15 K; j, 329.15 K; m, 331.15 K; d, 333.15 K.
TABLE 12
Coefficients of the Tait equation, equation (7), for the density of
[hmim][NTf2] at each isotherm
a (0.1 < p/MPa < 60)
















a In the case of global fitting procedure one uses A = 4.42535 Æ
103  2.79754 Æ 105 Æ (T/K) + 4.34582 Æ 108 Æ (T/K)2, B = 1.26727 Æ
103 + 8.06157 Æ 101 Æ (T/K)  1.26389 Æ 101 Æ (T/K)2.
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crease markedly with pressure, according to figures 3 to
5 and tables 5 to 7 but they present a tendency to in-
crease with increasing temperature at constant pressure.
The difference obtained on the derived properties, ap
and jT when comparing the derivation of the measured
densities with the integration method shows an average
deviation of 5% and 5%, respectively. Although theseTABLE 11
Experimental density, q/(kg Æ m3), data for [hmim][NTf2] as a function of t
p/MPa T/K
298.15 299.15 300.15 301.15
0.10 1370.81 1369.96 1368.97 1368.11
1.83 1372.13 1371.27 1370.29 1369.42
10.02 1378.18 1377.30 1376.36 1375.49
14.98 1381.70 1380.81 1379.86 1379.01
19.75 1384.98 1384.12 1383.21 1382.28
25.86 1389.10 1388.22 1387.32 1386.44
31.48 1392.73 1391.88 1391.00 1390.11
37.77 1396.74 1395.86 1395.01 1394.07
44.17 1400.64 1399.77 1398.88 1398.06
50.75 1404.48 1403.70 1402.84 1401.99
59.59 1409.53 1408.77 1407.93 1407.14
T/K
318.15 323.15 325.15
0.10 1352.32 1348.05 1346.34
1.83 1353.62 1349.36 1347.70
10.02 1359.84 1355.55 1354.03
14.98 1363.45 1359.13 1357.71
19.75 1362.50 1361.18
25.86 1371.10 1366.73 1365.48
31.48 1374.91 1370.56 1369.35
37.77 1379.09 1374.72 1373.57
44.17 1383.28 1378.88 1377.76
50.75 1387.51 1383.17 1382.02
59.59 1393.09 1388.84 1387.57values are within acceptable limits, they corroborate
the strong dependence of the derivation method on the
shape of the curves used to fit the experimental data
and the necessity of collecting a large number of exper-
imental points.
As for the isobaric heat capacity, results reveal a de-
crease with increasing pressure contrarily to the pressureemperature, T, and pressure, p
302.15 303.15 308.15 313.15
1367.15 1366.24 1361.65 1357.01
1368.47 1367.56 1362.96 1358.32
1374.56 1373.64 1369.05 1364.45
1378.10 1377.17 1372.62 1368.01
1381.43 1380.47 1375.95 1371.36
1385.56 1384.59 1380.12 1375.57
1389.24 1388.30 1383.86 1379.34
1393.28 1387.93 1383.47
1397.22 1396.31 1391.98 1387.60
1401.19 1400.29 1396.05 1391.76
1406.37 1405.51 1401.40 1397.25
327.15 329.15 331.15 333.15
1344.39 1342.33 1340.37 1338.24
1345.74 1343.71 1341.75 1339.65
1352.05 1350.14 1348.20 1346.20
1355.75 1353.87 1351.91 1349.99
1359.21 1357.38 1355.44 1353.57
1363.58 1361.77 1359.84 1358.01
1367.53 1365.68 1363.79 1361.98
1371.82 1369.99 1368.10 1366.34
1376.09 1374.26 1372.39 1370.63
1380.39 1378.59 1376.72 1374.95
1386.07 1384.28 1382.44 1380.65
TABLE 13
Parameters of the linear fit ln(q/(kg Æ m3)) = c + d Æ (T/K) of
[hmim][NTf2]
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[16]. This is due both to the expansivity and its temper-
ature dependence as can be judged by the analysis of
equation (6).
3.2. [hmim][NTf2]
Density measurements have been carried out at a
broad range of temperatures (298 < T/K < 333) and
pressures (0.1 < p/MPa < 60). The experimental data
are presented both in figure 9 and table 11. At atmo-TABLE 14
Calculated values of jT/(GPa
1) for [hmim][NTf2]
p/MPa T/K
298.15 299.15 300.15 301.15
0.10 0.5613 0.5601 0.5591 0.5584
1.83 0.5544 0.5535 0.5528 0.5522
10.02 0.5237 0.5240 0.5244 0.5248
14.98 0.5068 0.5078 0.5087 0.5096
19.75 0.4916 0.4931 0.4945 0.4958
25.86 0.4734 0.4755 0.4774 0.4792
31.48 0.4579 0.4605 0.4628 0.4649
37.77 0.4418 0.4447 0.4475 0.4500
44.17 0.4265 0.4299 0.4330 0.4358
50.75 0.4119 0.4156 0.4190 0.4221
59.59 0.3939 0.3980 0.4017 0.4051
T/K
318.15 323.15 325.15
0.10 0.5652 0.5742 0.5790
1.83 0.5605 0.5693 0.5740
10.02 0.5390 0.5473 0.5515
14.98 0.5269 0.5348 0.5388
19.75 0.5233 0.5271
25.86 0.5021 0.5094 0.5128
31.48 0.4903 0.4972 0.5004
37.77 0.4777 0.4843 0.4873
44.17 0.4656 0.4719 0.4747
50.75 0.4538 0.4599 0.4624
59.59 0.4390 0.4447 0.4470spheric pressure, our results are about 0.06% below
those presented by Canongia Lopes et al. [14].
The absence of heat capacity and speed of sound data
compelled the direct use of the derivatives of density in
order to obtain the derived thermodynamic properties of
this substance, namely, ap, jT and cv. The fitting of iso-
baric density data was performed through the Tait equa-
tion as presented in equation (7). This equation is
known to represent very well the density behaviour of









The parameters for each isotherm are shown in table
12. The isothermal compressibility is calculated using
the isothermal pressure derivative of density according









Unfortunately, there is no equivalent of the Tait
equation for the behaviour of density with temperature
at constant pressure. A detailed evaluation of the raw
data reveals that deviations from linearity in density–
temperature (or volume–temperature) plots are so mild
that the determination of the temperature coefficient of
ap is extremely dependent on the choice of the type of302.15 303.15 308.15 313.15
0.5578 0.5573 0.5571 0.5598
0.5518 0.5515 0.5520 0.5549
0.5253 0.5258 0.5289 0.5331
0.5105 0.5114 0.5159 0.5208
0.4971 0.4983 0.5039 0.5095
0.4809 0.4825 0.4895 0.4958
0.4670 0.4688 0.4770 0.4838
0.4524 0.4637 0.4711
0.4385 0.4409 0.4510 0.4589
0.4250 0.4277 0.4387 0.4470
0.4083 0.4113 0.4233 0.4321
327.15 329.15 331.15 333.15
0.5846 0.5911 0.5990 0.6083
0.5794 0.5858 0.5933 0.6023
0.5562 0.5616 0.5680 0.5755
0.5431 0.5480 0.5537 0.5604
0.5310 0.5356 0.5407 0.5467
0.5164 0.5205 0.5250 0.5302
0.5037 0.5073 0.5113 0.5158
0.4903 0.4934 0.4969 0.5007
0.4774 0.4801 0.4831 0.4863
0.4648 0.4672 0.4697 0.4724
0.4490 0.4510 0.4529 0.4549
TABLE 15
Calculated values of cv/(MPa Æ K
1) for [hmim][NTf2]
p/MPa T/K
298.15 299.15 300.15 301.15 302.15 303.15 308.15 313.15
0.10 1.210 1.213 1.215 1.216 1.218 1.219 1.219 1.213
1.83 1.221 1.223 1.225 1.226 1.227 1.228 1.227 1.220
10.02 1.270 1.269 1.268 1.267 1.266 1.265 1.258 1.248
14.98 1.299 1.297 1.294 1.292 1.290 1.288 1.276 1.264
19.75 1.325 1.321 1.318 1.314 1.311 1.307 1.293 1.279
25.86 1.359 1.353 1.348 1.343 1.338 1.334 1.314 1.298
31.48 1.387 1.379 1.372 1.366 1.360 1.355 1.332 1.313
37.77 1.417 1.407 1.399 1.391 1.384 1.350 1.329
44.17 1.444 1.432 1.422 1.413 1.404 1.397 1.365 1.342
50.75 1.467 1.454 1.443 1.432 1.422 1.413 1.378 1.352
59.59 1.493 1.478 1.464 1.452 1.440 1.430 1.389 1.361
T/K
318.15 323.15 325.15 327.15 329.15 331.15 333.15
0.10 1.202 1.183 1.173 1.162 1.149 1.134 1.117
1.83 1.208 1.189 1.179 1.168 1.156 1.141 1.124
10.02 1.234 1.215 1.206 1.196 1.184 1.171 1.156
14.98 1.250 1.231 1.222 1.212 1.202 1.189 1.175
19.75 1.245 1.236 1.227 1.216 1.205 1.192
25.86 1.281 1.263 1.255 1.246 1.236 1.226 1.214
31.48 1.295 1.277 1.269 1.261 1.252 1.242 1.231
37.77 1.310 1.293 1.285 1.277 1.269 1.260 1.250
44.17 1.323 1.305 1.297 1.290 1.283 1.275 1.266
50.75 1.332 1.314 1.307 1.300 1.294 1.287 1.280
59.59 1.340 1.322 1.316 1.310 1.304 1.298 1.293
R. Gomes de Azevedo et al. / J. Chem. Thermodynamics 37 (2005) 888–899 897function to screen the data. For those situations where
the statistical scatter of the raw data is large compared
with an unambiguous determination of the curvature,
we suggest [16] the use of lnq = f(T). If this function
proves to be linear, then, lnV = f(T) is as well, and ap
is constant (temperature independent). Moreover, the
choice of a logarithmic function avoids the existence














FIGURE 10. Isotherms for the isobaric expansivity of [hmim][NTf2].
––, 298.15 K; ·, 299.15 K; , 300.15 K; - -, 301.15 K; , 302.15 K; ,
303.15 K; +, 308.15 K; }, 313.15 K; h, 318.15 K; n, 323.15 K; s,
325.15 K; r, 327.15 K; j, 329.15 K; m, 331.15 K; d, 333.15 K.that both q–T and V–T plots are linear. For [hmim]-
[NTF2] the behaviour of lnq proved to be linear and
the coefficients of the fitting are presented on table 13.
The calculated properties, such as jT, ap and cv and
are presented in tables 14 and 15 and figures 10 to 12.
As far as the authors are aware of, there are no other

















FIGURE 11. Isotherms for the isothermal compressibility of [hmim]-
[NTf2]. –, 298.15 K;·, 299.15 K; , 300.15 K; -, 301.15 K; , 302.15 K;
, 303.15 K; +, 308.15 K; }, 313.15 K; h, 318.15 K; n, 323.15 K; s,
325.15K;r, 327.15K;j, 329.15K;m, 331.15K;d, 333.15K. Since ap is
















FIGURE 12. Isotherms for the thermal pressure coefficient of [hmim]-
[NTf2]. ––, 298.15 K; ·, 299.15 K; , 300.15 K; - -, 301.15 K; , 302.15
K; , 303.15 K; +, 308.15 K; }, 313.15 K; h, 318.15 K; n, 323.15 K;
s, 325.15 K; r, 327.15 K; j, 329.15 K; m, 331.15 K; d, 333.15 K.
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The work performed intends to map the thermo-
physical and thermodynamic behaviour of two impor-
tant ionic liquids over wide pressure and temperature
ranges.
The increase of the alkyl chain of the 1-alkyl-3-
methylimidazolium cation results in a decrease in the
density. This fact has also been reported in other works
[1–3,13,14]. This trend is precisely the opposite of the ef-
fect of an increase in the anion size [1–3,16]. It should be
noted that while in the first case one witnesses density
changes upon different alkyl substitutions within the
same ‘‘cations family’’, in the second case, the anions
belong to distinct chemical species. The comparison
with some literature data [16] allows us to state that a
change from [bmim][NTF2] to [hmim][NTF2] shows al-
most the same effect on density as the change from
[bmim][NTF2] to [bmim][PF6]. However, this change in
density is not accompanied by a similar effect on ap
and jT. Here, the alkyl chain effect of the cation is very
mild, and it is found that pressure effects are significant.
When density data is translated to molar volume values,
one finds that the addition of two (CH2) units on chang-
ing from [bmim]+ to [hmim]+ in [Ntf2]
-based ILs pro-
vokes, at 298.15 K and atmospheric pressure, a molar
volume increase of 34.56 Æ 106 m3 Æ mol1. This experi-
mental result corroborates previous estimations [1] that
established a value of (34.4 ± 0.5) Æ 106 m3 Æ mol1 for
this same effect irrespective of the counter-anion
considered.
The data obtained confirm the prediction of the effect
of the anion on both the speed of sound and density. As




) the density increases
accordingly, while the sound-speed shows the oppositetrend. As previously stated [1,16], compressibility is the
factor which controls the sound-speed. This statement is
also well illustrated by analyzing the variation of these
three quantities as pressure is applied. Note that, as
pressure rises, density increases, compressibility de-
creases, and the sound-speed increases.
The effect of pressure on the heat capacities of
[bmim][NTf2] is greater than that on [16] [bmim][PF6]
and [bmim][BF4] which is explained by the higher
temperature dependence of the isobaric expansivity.
If comparisons are performed using molar quan-
tities, for instance, at atmospheric pressure and
298.15 K, CPbmimNTf2  CPbmimPF6 ¼ 177 J mol
1 K1
and CPbmimNTf2  CPbmimBF4 ¼ 221.1 J mol
1 K1. The
greater values presented by [bmim][NTf2] are mainly
a consequence of the larger number of vibrational
degrees of freedom of this anion compared with those
of [bmim][PF6] and [bmim][BF4]. In other words, as
the anions structural complexity increases one expects
improved ability for energy storage. In the case of an
increase in the alkyl chain length of the cation, one
also expects an increase in Cp. For instance,
[hmim][NTf2] has 3 Æ 6=18 internal, vibrational degrees
of freedom in excess to those presented by
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